The current equations for diaphragm fundamental period determination and for diaphragm deformation determination published in commonly used seismic assessment documents are firstly reviewed to establish their origin. Using a validated analytical model which captures diaphragm deformation mechanics, three beam idealizations (a fixed-ended flexure beam, a pin-ended flexure beam, and a shear beam) are compared against true diaphragm behavior to determine which idealization is most suitable for the seismic assessment of diaphragm performance. Wherever necessary, recommendations have been made to update and to harmonize the current seismic assessment procedures for timber diaphragms in unreinforced masonry buildings. The presented analysis is specifically focused on straight-sheathed timber diaphragm configurations that are typically found in historic unreinforced masonry buildings.
INTRODUCTION
Unreinforced masonry (URM) buildings are widely recognized to perform poorly in large earthquakes (Drysdale et al. 1999; Megget 2006; Paulay and Priestley 1992) . The 22 February 2011 Christchurch earthquake in New Zealand that severely damaged the URM building stock in Christchurch is testament to their brittle nature and inability to dissipate hysteretic energy (Ingham et al. 2011) . While URM buildings typically comprise rigid clay brick perimeter walls, the floor diaphragms are often constructed of comparatively light timber framing, which usually consist of timber floorboards oriented perpendicular to timber joists that are fastened together with two wire-drawn nails at each intersection. Such timber floor diaphragms have routinely demonstrated significant influence on the seismic performance of URM buildings due to their flexible nature and often inadequate connection to the URM perimeter walls (Bruneau 1994) . Published earthquake reconnaissance reports Despite widespread acknowledgement of the importance of diaphragm performance, there remains a paucity of knowledge regarding diaphragm behavior. A lack of suitable analysis pertaining to diaphragm behavior has been reflected in current assessment documents ASCE 41-06 (2007) and NZSEE (2006) . Structural engineers have expressed their uncertainty with the published assessment procedures, and consequently, there remains considerable motivation to consolidate these procedures and to ensure that they are suitably representative of timber diaphragm behavior.
Diaphragm fundamental period and diaphragm strength and stiffness are critical parameters for URM building seismic assessment, as they significantly influence design loads and predicted wall displacements. To simplify the estimation of these parameters, inplane diaphragm behavior is typically idealized in common assessment guides (ASCE 2007; NZSEE 2006) where y v is shear force per unit width of diaphragm at yield, and L is diaphragm span.
However neither assessment document clarifies the sources of these equations, and consequently the basis of the assessment procedures remain unclear.
In this article, the diaphragm behavior idealizations used to derive Equations 1 and 2 are presented and evaluated against predicted diaphragm response using the validated diaphragm analytical model developed in Wilson (2012) . Wherever necessary, the methodology for diaphragm fundamental period assessment and for the assessment of diaphragm seismic performance is appropriately modified. It is emphasized that the current article specifically
Wilson -4 focuses on diaphragm response, and it is implied herein that appropriate measures have been taken to ensure that the diaphragm is effectively restrained to boundary elements to ensure that the diaphragm does not detach or slide with respect to these boundary elements.
CURRENT ASSESSMENT EQUATIONS FUNDAMENTAL PERIOD ASSESSMENT
To determine the origin of Equation 1, consider the deflected geometry of a fixed-ended flexure beam sagging under its own self-weight,
where x is distance from the support, m is mass per unit distance, E is elastic modulus, and I is second-moment of area. From Equation 3, the maximum displacement can be determined as, 
As presented in Chopra (2007) , a structure comprising distributed mass and elasticity can be approximated as a generalized single degree-of-freedom system in order to estimate its fundamental period. The basis of this method is to lump the mass and stiffness of the true infinite degree-of-freedom structure into a single degree-of-freedom, and to restrict the displacements of this system to an assumed shape function ) (x ψ that approximates the fundamental mode of vibration. From this shape function, expressions for generalized mass m and generalized stiffness k can be derived, which can then be introduced to the generalized period equation to obtain a specific expression for fundamental period.
The shape function is defined by,
is the assumed displacement of the structure, and ) (t z is the generalized displacement. Assuming ) , ( t x u to be the displacement function described in Equation 3 and taking ) (t z to be midspan (maximum) displacement (Equation 4), the shape function for a fixed-ended flexure beam can be considered to be,
The generalized mass and generalized stiffness may subsequently be determined by substituting Equation 6 into Equations 7 and 8, respectively, 
DISPLACEMENT ASSESSMENT
To evaluate the origin of Equation 2, consider a rectangular shear beam subjected to an applied point-load at midspan. For this idealization, the deflected geometry is given by,
where κ is form factor (which accounts for the distribution of shear stress over the rectangular section), P is applied point load, G is shear modulus, B is beam depth, and t is beam thickness. Replacing P with V 2 in Equation 14 
IDEALIZATION OF DIAPHRAGM BEHAVIOR
From the analysis presented above it may be determined that in currently used seismic assessment documents there is an inconsistency between the idealizations of diaphragm behavior for fundamental period determination and for seismic performance assessment, with a different type of beam analogy having been adopted for each specific application.
Furthermore, currently neither idealization is well supported by documented analysis verifying that these idealizations suitably capture diaphragm behavior.
To demonstrate which diaphragm idealization is most appropriate for assessment purposes, true diaphragm behavior was examined against: (1) a fixed-ended flexure beam, (2) a pin-ended flexure beam, and (3) Dolan and Madsen (1992) for the standard diaphragm configuration (see Table I ). Although realistic variations of these nail connection parameters are unknown, upper and lower bound values were included in the parametric analysis by doubling or halving their value, respectively, in order to assess the sensitivity of diaphragm behavior to changes in these parameters. 
The displacement profiles described by Equations 16 to 18 are plotted against the displacement profile of the standard diaphragm in Figure 3 for both principal loading directions. To make an appropriate comparison, displacements were normalized to the maximum displacement of the standard diaphragm and span location was normalized to diaphragm span. 
Using Equations 20 to 22, the relationship described by Equation 19 is plotted in Figure 4 for a range of span lengths for the proposed beam idealizations and for the standard diaphragm configuration. To generate Figure 4 , midspan displacements were determined for span lengths up to 48 m, and for comparative purposes, were normalized to the midspan displacement determined for the maximum applied span length (48 m). Figure 4 clearly demonstrates that for both principal loading directions, the proportionality of diaphragm displacement to diaphragm span is most closely approximated by a shear beam idealization.
To further illustrate the above observation, the values of n in Equation 19 for the adopted range of span lengths may be evaluated using the logarithmic properties, n and diaphragm span shown in Figure 5 were generated for each principal loading direction.
In Figure 5 , the value of n is shown to descend rapidly from
, further demonstrating that even for small span lengths, the proportionality of diaphragm midspan displacement to diaphragm span is closely approximated by a shear beam
It is important to recognize that the observations made from Figures 4
Wilson -10 and 5 are not only a product of increasing diaphragm span, but an increase in the number of nail connections. However given that changes in diaphragm span will always be accompanied by corresponding changes in the number of nail connections, the relationships between ∆ , n , and L shown in Figures 4 and 5 will always hold true.
From the analysis results presented above, it is evident that diaphragm behavior is most appropriately idealized by a shear beam analogy. Although the displacement profile of the standard diaphragm configuration was shown to be captured slightly better by the idealized pin-ended flexure beam, overwhelming evidence was presented which demonstrated diaphragm behavior to be almost identical to that of an idealized shear beam, with respect to the relationship of midspan displacement and diaphragm span. Given that the proportionality of ∆ and L is more important for diaphragm assessment purposes than is displacement profile, the shear beam analogy is undoubtedly the most suitable idealization of diaphragm behavior.
SENSITIVITY OF DIAPHRAGM BEHAVIOR
A sensitivity analysis was performed to ensure that the proposed shear beam analogy remains an appropriate idealization of diaphragm behavior for realistic variations in parameter values. The analysis was performed by programming the analytical model developed in Wilson (2012) with the upper and lower bound values of an individual parameter set (see Table 1 ), while keeping all other parameters equal to the standard diaphragm configuration. For each parameter set, plots of the relationship between ∆ and L and the relationship between n and L were generated for comparison (see Figures 6 to 10 ).
It should be noted that the upper and lower bound values for parameters 0 K , 1 K , and 0 F were analyzed simultaneously under the label variations in nail connection characteristic. It should also be noted that all parametric analyses were performed for loading parallel-to-joists except for variations in joist size, which was performed for loading perpendicular-to-joists. 
UPDATING ASSESSMENT EQUATIONS
The analyses presented above have indicated that current procedures for determining diaphragm fundamental period that are based upon a fixed-ended flexure beam idealization are incorrect, and poorly capture diaphragm behavior. Although a shear beam idealization is correct for seismic performance assessment, the applicability of a centrally applied point-load is questionable for realistic earthquake loading applications, and should be reviewed.
Accordingly, an alternative assessment procedure for timber floor diaphragms is presented below to reflect the appropriate idealization of diaphragm behavior for suitable earthquake loading conditions.
FUNDAMENTAL PERIOD ASSESSMENT
Following the methodology presented earlier, the fundamental period of an idealized shear beam may be evaluated for the correct seismic loading conditions. ASCE recommends that the distribution of horizontal inertial forces on a diaphragm be given by,
where D F is total diaphragm seismic load, L is diaphragm span, and x is distance from the side of the diaphragm. It can be shown that the deflected geometry of a rectangular shear beam subjected to the parabolic load distribution load distribution given in Equation 24 is, 
where m is the total seismic mass attributed to the diaphragm and g is gravity. As presented previously, the fundamental period of a structure can be approximated using a 
CONCLUSIONS
It is concluded that the seismic behavior of flexible timber diaphragms is most suitably captured by a shear beam idealization for the detailed assessment of fundamental period and seismic performance. Based on this conclusion, current procedures for determining the fundamental period of flexible timber diaphragms are shown to be incorrectly derived from a fixed-ended flexure beam idealization. Although the assessment of flexible diaphragm seismic performance is correctly formulated in ASCE 41-06 based upon a shear beam idealization, the adopted point-load conditions were concluded to be an inappropriate reflection of realistic earthquake loads.
From the analysis presented, it is recommended that flexible timber diaphragm fundamental period be evaluated using 
